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A further study of the method for estimation of SAGE II opaque
cloud occurrence

Pi-Huan Wang,' Robert E. Veiga,® Lelia B. Vann,’
Patrick Minnis,’ and Geoffrey S. Kent'

Abstract. Information on vertical cloud distribution is important to atmospheric radiative
calculation, general circulation modeling, and climate study. The method used for estimating
the vertical structure of opaque cloud occurrence from the solar occultation observations
obtained by the Stratospheric Aerosol and Gas Experiment (SAGE) II has been reviewed for
further understanding of the nature of the derived cloud statistics. Most importantly, based on
the SAGE II tropical observations (1985-1998), the present study illustrates that the derived
opaque cloud occurrence at a given altitude is generally independent of the cloud occurrence at
other altitudes, except for some anticorrelation between high-level (12.5 km) and low-level
(1-3 km) clouds. This feature of the layer cloud frequency independence is also evident when
regional data over the Pacific warm pool and the eastern Pacific are examined. The independ-
ent information of the layer cloud frequency is significant and makes it possible to use the
derived vertical distribution of cloud occurrence to estimate the probability of multilayer clouds.
The limitation is that it is difficult to determine how frequently the multilayer clouds are
actually overlapping or how frequently thick cloud (>1 km) really occurs based on the

SAGE II observations alone. A discussion of the SAGE II tropical opaque cloud occurrence in
relation to the cloud climatology based on visual observations from surface stations and ships,
the International Satellite Cloud Climatology Project data, and the cloud statistics using rawin-

sonde records is also provided.

1. Introduction

Satellite remote sensing employing the solar occultation
technique is extremely sensitive to the presence of clouds. This
high sensitivity is a consequence of the relatively long atmospheric
limb tangent viewing path in contrast to the vertical path length of
a nadir-viewing satellite instrument [e.g., Wylie and Wang, 1997].
The solar occultation observations from the Stratospheric Aerosol
and Gas Experiment (SAGE) II have been used to infer the global
distributions of two general groups of clouds, namely opaque and
subvisual clouds [Wang et al., 1996]. The presence of opaque
clouds terminates the profiling of the SAGE II instrument
[McCormick et al., 1979]. Therefore the information about
opaque cloud occurrence is imbedded implicitly in the SAGE II
measurements. The SAGE II subvisual cloud extinction coeffi-
cients are within the measurement range of the SAGE II instru-
ment. The capability of the SAGE II instrument for measuring
subvisual clouds can be easily understood because aerosols and
clouds are interrelated through microphysical processes [e.g.,
Pruppacher and Klett, 1978; Wang et al., 1994].

When the atmosphere is not heavily influenced by volcanic
aerosols, the termination of the profile of the SAGE II 1.02-pm
extinction coefficient above the surface is clearly an indication of
the presence of an opaque cloud. Because of frequent opaque
cloud occurrence, the satellite solar occultation sampling events
over a given area and time period are generally reduced with
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decreasing altitude. Wang et al. [1995] presented a method that
can be used to derive the occurrence of SAGE II opaque clouds as
a function of altitude on a statistical basis. The identification of
subvisual clouds from the SAGE II observations is a more
involved process. Perhaps the most reliable method for identifica-
tion of subvisual clouds to date is the two-wavelength method
developed by Kent et al. [1993]. On the basis of the distribution
of the SAGE 1I extinction coefficients at 0.525 and 1.02 pum at a
given altitude over a certain geographic region on a seasonal basis,
the two-wavelength method reveals generally two distinct data
groups corresponding separately to aerosols and clouds. In brief,
the two-wavelength method separates aerosols from clouds based
essentially on the magnitude of the measured extinction coefficient
as well as the particle size.

As cloudiness is one of the most important climate-related
parameters, and the solar occultation technique aliows for highly
resolved vertical observations (1-km resolution), the SAGE II
derived global scale cloud occurrence can be used as input for
atmospheric radiative and general circulation model investigations,
as well as for climate change studies. The objective of the present
study is to provide a thorough review of the method that has been

used for deriving the vertical distribution of SAGE II opaque
clouds and to further investigate and understand the nature of the
derived cloud occurrence from the solar occultation satellite
instrument. In particular, the independence of the derived cloud
occurrence in a given layer relative to cloud occurrence in the
other layers will be examined closely by using the SAGE II

observations. Furthermore, the usefulness of the derived layer
cloud occurrence for inferring multilayer cloud probability will be
investigated. Section 2 contains a brief description of the relevant
SAGE II observational features. The opaque cloud occurrence
derivation is reviewed in section 3, followed by the observational
data analysis of the derivation in section 4, and discussion in
section 5. The summary is given in section 6.
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2. SAGE II Features

The SAGE II satellite instrument is a seven-channel radiometer
[Mauldin et al., 1985; McCormick, 1987]. Using the solar
occultation technique, the instrument measures the profile of
attenuated solar radiation as a function of tangent height during
spacecraft sunrises and sunsets and is capable of providing
self-calibrated atmospheric limb transmission. The seven SAGE II
channels are centered at 0.385-, 0.448-, 0.453-, 0.525-, 0.600-,
0.940-, and 1.02-pm wavelengths. SAGE II slant path transmis-
sion data are used to derive ozone, nitrogen dioxide, and water
vapor vertical distributions, as well as the particulate extinction
coefficient profile at 0.385, 0.453, 0.525, and 1.02 um. Chu et
al. [1989] have discussed the SAGE II data inversion algorithm in
detail. The SAGE II sensor has been operating since October 1984
on the Earth Radiation Budget Satellite (ERBS) and is still
providing measurements at the time this report was prepared.

The orbital characteristics of ERBS are such that the SAGE II
sunrise measurement provides a latitudinal coverage of ~135° in
~1 month. The latitudinal extremes of the measurements vary
with the season. With a 90-min orbiting period the 15 daily
sunrise measurements are distributed almost evenly in longitude
with a small latitudinal shift between successive events. These
sampling features are also true for the sunset measurements. The
instrument field of view (FOV) at the tangent point is specified by
a coverage of 0.5 km in the vertical by 2.5 km in the horizontal.
The SAGE II retrieval uses an onion-peeling type of inversion
technique, assuming a local spherically symmetric atmosphere with
1-km-thick concentric shells [Chu et al., 1989]. In such an
atmospheric shell configuration the part of the limb viewing path
that traverses the tangential shell (the shell centered at the tangent)
is ~200 km in length, corresponding to a possible horizontal error
of 100 km. :

The upper limit of the SAGE II optical path length along an
entire occultation tangential path is about 6 at 1.02-um wave-
length. The molecular scattering and particulates (aerosols and
clouds) contribute to the observed optical path length. The
molecular contribution is rather small at 1.02-um wavelength.
Thus, when the atmosphere is not severely disturbed by volcanic
aerosols, clouds along the tangential path with a total optical path
length greater than 6 would terminate the SAGE II sampling event.
Unfortunately, the SAGE II observation does not specify the size
and location of the detected opaque cloud along the line of sight.
Assuming that the cloud is uniformly distributed in the 200-km
tangential shell, the optical path length upper limit of 6 translates
to an extinction coefficient of 0.03 km™ at 1.02 um. This value of
the extinction coefficient corresponds to an optical depth of 0.03
for a 1-km-thick cloud. According to the Sassen and Cho [1992]
cloud classification, this value is close to the optical depth
separating subvisual from thin cirrus clouds. Thus the SAGE II
opaque clouds generally include all types of clouds, except

optically thin subvisual clouds [Wang et al., 1996]. Even if the
length of the opaque cloud is half the length of the 200-km
tangential shell, the optical depth is still as small as 0.06. Clouds
with such a small optical depth would be extremely difficult to
detect by most nadir-viewing satellite instruments, from surface
visual cloud observations, or by analysis of rawinsonde data.

It should be noted that there is also the possibility that the
opaque cloud may not be located in the tangential shell implied by
the retrieval. In other words, the cloud could be located in higher
shells along the occultation tangential viewing path. The worst
case would be a cloud located at an altitude of 17 km along the
lowest tangential viewing path. Because the SAGE II observation
does not specify the size and location of the detected cloud, the
retrieval would give an impression that the cloud is centered at the
tangential point, leading to a vertical uncertainty of 17 km and a
horizontal uncertainty of ~450 km at the surface. For the same
reason the SAGE Il retrieval would underestimate the high-altitude
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cloud occurrence probability and overestimate low-altitude cloud
occurrence probability. In the atmosphere, there are generally
more low-altitude clouds than high-altitude clouds [J. Wang et al.,
2000, Figure 6]. Thus this type of uncertainty would decrease as
altitude increases. Wang et al. [1994] have discussed the con-
straints of the SAGE I cloud observations in detail.

The SAGE II derived cloud occurrence has been compared
with the surface weather observations (SWOBS) of Warren et al.
[1986, 1988; Wang et al., 1995], the cloud data product of the
International Satellite Cloud Climatology Project (ISCCP) [ Liao
et al., 1995a, 1995b], and more recently with the cloud measure-
ments from the High-Resolution Infrared Radiometer Sounder
(HIRS) [Wylie and Wang, 1997, 1999], and from the cryogenic
limb array etalon spectrometer (CLAES) [Mergenthaler et al.,
1999]. In general, the SAGE I cloud frequency is greater than
other climatologies because of its high sensitivity to cloud presence
resulting mainly from the long occultational viewing path. The
SAGE 1I cloud statistics in the tropopause region have been used
to study the effect of heterogeneous reactions on ozone chemistry
[Solomon et al., 1997], and the controlling mechanisms of the
formation of subvisual clouds [Gierens et al., 2001]. Further-
more, the SAGE II multiyear cloud data set is an invaluable asset
for studying the long-term behavior of clouds and for estimating
changes in cloud outgoing longwave radiative forcing [Wang et al.,
1999; P.-H. Wang et al., 2000]

3. Cloud Probability Density Function

For a given sampling period, let N(z) denote the number of
times for which the SAGE II solar occultation observation provides
extinction coefficient (1.02-um ) measurements in a layer centered
at altitude z. N(z) is also known as the penetration count of the
satellite measurement in the given layer and is a measure of the
clear-sky frequency. Thus it can be used to estimate the probabil-
ity of cloud occurrence below the given layer. Because opaque
clouds block the FOV, no 1.02-um measureable information is
available below the layer if an opaque cloud is encountered in the
next lower layer (centered at altitude z- 1) during a given sampling
event. It is noted that to estimate the cloud probability, the sample
sizes must be considered carefully at each altitude layer.

To estimate the probability of the clear-sky frequency or no
opaque cloud in a layer at altitude z, the ratio of penetration count
of the layer at z to that of the next higher layer centered at z+1
can be used. By definition of N(z) it is apparent that 0 < N(z) <
N(z+1), because all information below altitude z+1 is unavailable
once an opaque cloud is encountered in the layer at z. Symboli-
cally, we write the probability of no opaque cloud for a layer at
altitude z as

_ N(2)
PO=T

Thus 1- p(z) gives the probability that an opaque cloud occurs in
a layer centered at altitude z, and can be written as

_N(z+1)-N(2)
f(z)————N(ZH) . (1

The above expression of f(z) is referred to as the layer cloud
probability or layer cloud occurrence [Wang et al., 1995]. Note
the numerator of {z) is just the reduction in the clear-sky sampling
number that occurs in the layer centered at z with respect to the
sampling size of the layer centered at z+1. Obviously, this
reduction in the clear-sky sampling size corresponds precisely to
the number of the SAGE II measurements that encountered opaque
clouds in the layer centered at z. Keep in mind that the opaque
cloud probability is estimated by normalizing the cloud count of a
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given layer to the number of samples reaching the layer, and that
this concept of the cloud occurrence derivation can be applied to
any thick atmospheric layers.

Wang et al. [1995] have also discussed the lower and upper
bounds of the opaque cloud occurrence estimate. The expressions
for the lower and upper bounds of opaque cloud probability are

N(z+1)- N(z)

1 =
12 m

: ©))

t

wyn_ N~ N(2)
f(z)_—N, , 3)

respectively. The superscripts / and u indicate the lower and upper
limits, respectively. The numerator in f'(z) is the opaque cloud
count, and is the same as in f(z). However, to determine the cloud
probability, the cloud count is normalized to the total overpass N,
of the satellite instrument, as if no cloud occurred above the layer
of interest. As a result, f(z) underestimates the cloud probability
and is therefore a lower limit. The f“(z) value attributes all events
that fail to reach the layer at z, i.e., N, - N(z), to the opaque
clouds that occurred in the layer, even when no clouds occurred in
the particular layer considered during the sampling period.
Therefore f*“(z) corresponds to a situation in which any opaque
cloud encountered by SAGE II at an altitude above z would extend
all the way down to the layer z under study, i.e., extremely thick
opaque clouds. For this reason, f“(z) overestimates the cloud
probability, especially at lower altitudes, and is thus an upper limit
of opaque cloud probability.

In a sense, f*(z) provides a cumulative estimate of all opaque
clouds that occur above z, because the numerator of f“(z) is the
number of events that fail to reach the layer at z due to opaque
clouds in all layers at z and above. At the surface, f“(z) would
thus provide an estimate of total cloud probability, corresponding
closely to surface observations. It can be shown that f*(z) is the
sum of all the lower estimates given by f'(z) in that layer and the
layers at higher altitudes. Because f(z) gives greater cloud
occurrence than the lower estimate of f'(z), the total cloud above
a given altitude integrated from f(z) is greater than the cumulative
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estimate of f*(z) at that altitude. We will return to discuss this
feature in section 5. To distinguish f*(z) from f(z), f“(z) will be
referred to as the cumulative cloud probability. In light of the
above discussion, f(z) can be regarded as the best estimate of the
opaque cloud occurrence [Wang et al., 1995].

Interestingly, the SAGE II cloud count is equivalent to a
binomial experiment with the frequency f(z) as the binomial
parameter. To determine the uncertainty of the derived frequency,
the 95% confidence interval of the binomial parameter can be
calculated by using quantities of the F distribution. The formula
for the corresponding lower and upper bound of the confidence
interval given by Johnson and Kotz [1969] is employed in the
present study.

4. Data Analysis

To further explore and understand the nature of the cloud
occurrence derivation, we utilize the SAGE II 1.02-pm multiyear
observations from 1985 to 1998 in the tropics (20°S-20°N) on a
seasonal basis. It is noted that data are excluded from this
investigation if they were obtained during the period having high
volcanic aerosol loading from the June 1991 Pinatubo volcanic
eruption to the end of 1993. Without those data a total of 45
individual seasons with 15,295 SAGE II overpasses are available.
The vertical distributions of the SAGE II sampling event for the 45
individual seasons are presented in Figure 1 and tabulated in
Table 1. As anticipated the seasonal sampling count decreases as
the altitude decreases (Figure 1). The 45 seasonal sample count
data sets are then used to determine the seasonal vertical cloud
occurrence distributions as well as the multiyear mean cloud
probability according to fz), f'(z), and f*(2).

The derived multiyear mean vertical distribution of opaque
cloud probability according to f{z) along with its error estimate is
given in Figure 2. The tropical layer cloud occurrence reveals a
local maximum of 11% at ~12.5 km. It decreases rapidly with
increasing altitude as it approaches the tropopause. Below the
local maximum, the distribution shows a local minimum of 5% at
an altitude of 8 to 9 km. In the lower troposphere below 8 km the
cloud probability increases sharply toward the surface. Figure 2

RO T T T

Altitude (km)

(20°S—-20°N)
G

200

300
Event Count

Figure 1. Vertical distribution of the SAGE II event count for 45 individual seasons between 1985 and 1998, except

the period from June 1991 to November 1993.
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Table 1. Seasonal SAGE II Tropical Event Count as a Function of Altitude (0.5-19.5 km)

DJF8485 10 60 102 122 138 149 163 171 177
MAMSS85 11 50 90 114 129 145 151 163 177
JJAB585 10 72 119 155 169 181 192 206 210
SONB8585 16 56 109 127 138 148 166 175 183
DJF8586 10 73 121 154 164 173 187 199 208
MAMBS8686 9 39 93 125 138 155 165 174 187
JJAB686 25 61 114 152 177 196 209 221 230
SON8686 1151 101 122 134 145 158 171 176
DJF8687 19 70 111 132 148 154 170 183 191
MAMS8787 23 59 106 129 151 160 169 175 187
JIA8787 21 71 114 143 165 180 192 204 209
SON8787 19 67 104 122 143 161 174 181 188
DJF8788 10 56 103 126 140 158 171 177 191
MAMS888 8 54 90 117 133 148 172 187 194
JJA8838 32 86 133 148 167 187 202 209 217
SON&8888 19 67 113 135 153 164 177 188 192
DJF8889 16 54 86 113 127 142 170 182 189
MAMS989 16 47 80 105 120 134 151 162 175
JJAB989 27 81 124 150 162 182 197 204 212
SON8989 27 69 106 130 146 158 164 175 184
DJF8990 21 56 104 117 127 141 156 164 174
MAMO9090 17 58 94 112 127 146 164 177 191
JTAS090 19 67 112 133 152 169 181 190 200
SON9S090 22 58 107 127 143 155 164 180 186
DJF9091 18 62 100 115 126 137 147 155 164
MAMO9191 17 63 101 130 146 155 168 180 185
JJA9191 0o 0 0o 0o 0 0O O 0 O
SON9191T 0 0 O 0 O O O 0 O
DIF9192 o 0 0 0 0 0 0 0 O
MAM9292 0 0 O O O 0 O 0 O
JJA9292 0o o 0 o0 0O O 0O 0 O
SON9292 o 0 o0 o0 o0 0O o0 0 O
DIJF9293 o o 0 0 0 0 0 0 O
MAM9393 0 O O O O O O O O
JJA9393 o 0o 0o o 0o O 0 0 O
SON9393 o 0 0 o o O O 0 O
DJF9394 0o 0o 0 0 0 0 O O O
MAM9494 13 46 102 138 161 174 185 194 202
JJA9494 10 48 91 118 130 147 161 168 180
SON9494 9 55 98 135 157 174 185 195 211
DJF9495 12 43 95 118 130 140 148 153 162
MAM9595 19 62 117 145 161 174 185 203 214
JJA9595 28 75 114 150 173 196 208 219 225
SON9595 4 44 84 114 136 154 157 164 184
DJF9596 16 51 95 126 136 147 156 163 173
MAM9696 17 51 99 122 143 159 165 177 187
JTA9696 21 72 118 139 165 188 195 205 216
SON9696 5 49 82 106 131 143 153 160 167
DIF9697 10 55 112 145 173 185 190 208 22]
MAM9797 11 49 93 123 135 145 155 164 179
JJA9797 21 74 128 161 183 199 216 228 237
SON9797 3 19 58 82 104 119 131 141 145
DJF9798 13 51 139 165 182 196 211 222 233
MAMO9898 6 22 39 57 73 80 87 93 100
JJA9898 22 71 128 163 189 204 216 226 239
SON9898 4 22 47 77 91 106 114 120 125
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shows the lower estimate of f'(z), the multiyear mean cumulative
cloud probability using f“(z), and the normalized multiyear mean
event count. The normalized mean event count represents
basically the mean tropospheric measurement probability as a
function of altitude in the tropics [Wang, 1994].

The vertical distribution of tropical opaque cloud probability
derived from the layer cloud occurrence f(z) is very interesting.

The reason for the maximum at ~12.5 km and minimum at 8-9 km
can be very involved, as the cloud formation is governed by many
factors including vertical temperature and water vapor distribu-
tions, air mass cooling rate, stability, etc. Here we speculate that
the decreasing tropospheric temperature with height favors cloud
occurrence at high altitudes, while more water vapor near the
surface favors cloud development at lower altitudes. As a result,
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(1985-1998)
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Figure 2. Normalized vertical distribution of multiyear mean SAGE 1II event count, layer cloud occurrence,

cumulative cloud occurrence, and lower estimate of the cloud occurrence.

confidence interval of the layer cloud frequency.

the cloud frequency is at a minimum somewhere in the middle
troposphere. The reason for cloud decreases above 12.5 km is
likely due to insufficient available water vapor even though the
temperature is very cool there. It appears that the maximum at
12.5 km could be related to the frequent occurrence of
high-altitude cirrus or cumulonimbus anvils developed through
deep convective activities. The convection more often ends at 12.5
km resulting in the formation of more cirrus at that altitude than
below. The cirrus is more long-lived than the vertical shaft of the
convection, leading to more cloudiness around 12.5 km.

At this point, it is useful and informative to compare the
SAGE II tropical cloud observations with other cloud data sets. In
doing this we incorporate the SAGE II statistics into the recent
study of J. Wang et al. [2000], who compared the cloud fre-
quency of rawinsonde observations (RAOBS) with that of the
International Satellite Cloud Climatology Project (ISCCP) [Rossow
et al., 1996}, and the surface weather observations (SWOBS)
[Warren et al., 1986, 1988]. Here the SAGE II layer cloud
frequency f(z) is calculated for thick layers according to the
high-level, middle-level, and low-level clouds defined by Wang
and Rossow [1995]. The calculated results are then compared with
the mean of the land and ocean cloud occurrence of J. Wang et al.
[2000] in Table 2. One of the remarkable features of the results
in Table 2 is the smallest cloud occurrence in the middle-level
cloud category in all four cloud observational data sets, despite
some detailed quantitative differences. Furthermore, all data sets
show the highest occurrence frequency in the low-level cloud,
except for the ISCCP data products. It should be noted that
besides the different cloud observational techniques, their data
periods used in the data intercomparison are also quite different
(Table 2).

5. Discussion

The knowledge of the vertical distribution of layer cloud
occurrence is important for understanding the interaction of clouds
and radiation in the atmosphere, general circulation model

The error bars represent the 95%

validation, and studying cloud climate effects [e.g., Fowler and
Randall, 1996; Wang and Rossow, 1998]. In this regard, the
particular shape of tropical opaque cloud probability derived from
the layer cloud occurrence f(z) as featured by a local maximum at
12.5 km and a minimum at ~8 to 9 km (Figure 2) is very signifi-
cant. Because the vertical opaque cloud occurrence distribution is
statistically derived from an integrated set of terminated profile
measurements, one important question is whether the information
of the derived cloud frequency at a given altitude is independent of
the cloud frequency at other altitudes. In this section the independ-
ence of the layer cloud frequency will be explored first. We then
investigate the application of the layer cloud frequency to study the
multilayer cloud probability. The regional dependence of the layer
cloud frequency independence will be examined last.

5.1. Independence of Layer Cloud Occurrence

To answer the question of whether the information of the layer
cloud occurrence f(z) at a given altitude is independent of the cloud
occurrence at all other altitudes, we correlate the seasonal cloud
occurrence data set of a selected layer to the occurrence data of all
layers included in the present study. The derived vertical distribu-
tion of the correlation coefficient for cloud frequency calculated by
using the layer cloud probability f(z) is displayed in Figure 3 for

Table 2. Probability of Tropical Cloud Occurrence’

SAGE II SWOBS® RAOBS®  ISCCP®
1985-1998  1965-1980 1976-1995 1990-1992
High cloud 44 65 47 52
(z > 8 km)
Middle cloud 33 53 39 37
(B km < z < 8 km)
Low cloud 88 70 77 49

(z < 3 km)

“Probability is in percent.
®J. Wang et al. [2000]
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Figure 3. Correlation analysis for selected prime cloud layers for layer cloud occurrence f(z). The error bars
represent the 95% confidence interval of the correlation coefficient.

six selected prime cloud layers centered at altitudes between 2.5
and 12.5 km. To estimate the uncertainty of the calculated
correlation coefficient, we have used the bootstrap method [Efron,
1985] to determine the 95% confidence interval. One of the
distinct features of the resultant correlation profile is the sharp
peak at the altitude of the prime cloud layer (Figure 3). In
addition, the distribution of the correlation coefficient at all
altitudes other than the prime layer appears to be random in
nature, except for the negative correlation between the clouds at
12.5 km and 1-3 km. The correlation analysis based on the

cumulative cloud probability f“(z) is presented in Figure 4. The
results show a drastically different correlation coefficient profile.
It reveals a pattern that is roughly similar to a normal distribution
with a rather broad width.

The results given in Figures 3 and 4 indicate that the layer
cloud occurrence determined according to f(z) is very much
independent of the cloud occurrence in other layers. In contrast,
the cumulative cloud occurrence estimate derived from f*(z)
correlates heavily with the cumulative cloud occurrence in almost
all other layers. Therefore the cumulative cloud probability in a
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Figure 4. Same as Figure 3, except for the cumulative cloud occurrence f“(z).
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given layer derived from f“(z) contains basically no independent
information. The reason for this feature is that the cumulative
cloud probability in a layer at a lower altitude contains cloud
counts of all individual layers at higher altitudes, whereas f{z)
counts the opaque cloud events in a given layer independently, as
it is defined.

Note that f'(z) also counts the opaque cloud event in a layer
independently. Thus f(z) is similar to f{z) regarding layer cloud
independence. Because f'(z) estimates the probability for the case
that no cloud is present above the layer, it provides cloud informa-
tion suitable for estimating the outgoing longwave and shortwave
radiation measured by satellite instruments such as the Earth
Radiation Budget Experiment (ERBE). This suitability arises from
the fact that both the outgoing longwave and shortwave radiation
are affected predominantly by the uppermost layer of the opaque
cloud systems.

In section 3, we referred to f“(z) as the cumulative cloud
probability indicating cloud occurrence above a given altitude.
Figure 5 compares f“(z) with the vertically integrated total cloud
probability above a given altitude based on f(z). The integrated
result from f{(z) reveals a greater calculated total cloud occurrence
than the cumulative cloud occurrence estimate. The total cloud
occurrence above 1.5-km altitude integrated from the layer cloud
probability is about a factor of 2 greater than the cumulative cloud
occurrence. It is important to recognize that, in determining the
layer cloud probability, the cloud count of a given layer is
normalized to the number of the sampling event reaching the layer.
Therefore the obtained opaque cloud probability of the given layer
is not subject to the influence from cloud occurrence in the other
layers. Consequently, f(z) is capable of providing independent
layer cloud statistics, resulting in a vertically integrated layer cloud
frequency that contains composite information of multilayer
clouds, greater than the cumulative cloud probability.

The apparent random nature of the correlation of the SAGE II
tropical opaque cloud occurrence with different layers (Figure 3)
implies that the cloud presence at different heights in the tropics is
likely to be a random process. One exception to this apparent
randomness is the negative correlation between clouds at 1-3 km

and those at 12.5 km. Some tropical areas are dominated by
marine boundary layer stratus-stratocumulus systems that occur in
areas of subsiding air, precluding areas of deep convection or
extensive cirrus clouds. In other regions the cloud vertical
structure is much more complex because of a wide variation in
stability, water vapor distribution, etc. Thus further investigation
of the cloud vertical correlation of layer cloud occurrence on a
global scale by using different data sets in the future is highly
desirable.

5.2. Multilayer Clouds

As indicated in section 3, f'(z) assumes no opaque cloud above
the layer of interest. Therefore the difference in cloud occurrence
between f{z) and f*(z) would provide an estimate for the occurrence
of multilayer clouds. Symbolically, it can be shown that

F@ -1 (@)=f(2) xf" (z+]). @)

The right-hand side is just the probability for a cloud to occur in
the layer at altitude z when there is a cloud above the given layer.
The vertical distribution of the difference is given in Figure 5. As
shown in the subsection 5.1, the integrated layer cloud occurrence
above a given altitude is greater than the cumulative cloud
occurrence at that altitude (Figure 5) because of multilayer clouds.
Thus the difference between them at a given altitude is indicative
of the integrated multilayer clouds above that altitude. In fact, the
derivative of the difference is exactly the multilayer cloud
probability (4).

It is understood that the difference in cloud probability between
f(z) and f'(z) contains composite information on the multilayer
cloud occurrence above a given altitude. In fact, the profile of f{z)
can be used to obtain the detailed probability of multilayer cloud
occurrence. For example, the probability of co-occurrence of
clouds in two different layers can be determined by fiz,) X f(z)),
where i and j are the layer indexes (i # j). The calculated results
of the two-layer cloud probability using the SAGE II multiyear
mean tropical observations shown in Figure 2 are presented in
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Figure 6. SAGE I statistics of tropical double layer clouds separated by various vertical distances. For an example,
point A (marked by a cross) represents a frequency of 0.008 for the case of a cloud at 11.5 km when there is also a

cloud at 4.5 km.

Figure 6. The results reveal many interesting features. Most of
the tropical double-layer clouds occur at altitudes below ~5 to 6
km. In addition, the probability of the occurrence of double-layer
clouds separated by 1 km at altitudes between 10 and 15 km is
about 0.004 to 0.008. Because the occurrence of the high-level
cloud is ~0.07 to 0.11 (Figure 2), the probability 0.004 to 0.008
translates to a relative frequency of the double-layer high cloud
occurrence of ~6 to 8%. The case of a high-level cloud occur-
rence between 10 and 15 km when there is a low-level cloud
between 2.5 and 4.5 km is also quite frequent. Figure 6 suggests
that ~10% to 40% of opaque clouds at 12 km occur when there is
a low-level cloud.

It should be emphasized that, in a single event, the SAGE 1I
satellite instrument can only detect the top of the uppermost layer
of the opaque cloud, regardless of whether it is a thick cloud
(>1 km) or there are any coexisting overlapping cloud(s) below
the detected cloud. As a result, the SAGE II opaque cloud
statistics at a given altitude reflect an ensemble of observations,
including all types of possible multilayer clouds (at lower alti-
tudes), as well as thick clouds (> 1 km), in addition to single layer
cloud (<1 km). Because of the mostly random nature of cloud
occurrence, the independence of the derived layer cloud frequency
allows us to infer multilayer cloud occurrence. The limitation is
that it is unlikely to distinguish the occurrence of overlapping,
non-overlapping multilayer clouds or thick clouds from the derived
cloud statistics based on SAGE II measurements alone. Because
of this limitation, the SAGE I statistics would miscategorize the
thick single-layer cloud as multilayer clouds.

The vertically integrated multilayer cloud probability at 1.5-km
altitude is ~75% (Figure 5). This probability is about the same
magnitude as the multilayer cloud occurrence derived from tropical
rawinsonde observations [Wang and Rossow, 1995, Figure 19].
This good agreement may be coincidental. As Wang and Rossow
[1995] pointed out, their cloud identification technique might have
missed the optically thinnest fraction of high-level clouds (see also
J. Wang et al. [2000]). Additionally, the rawinsonde data set does
not include some extensive areas of the tropical oceans. Further-

more, as indicated in the preceding paragraph, the SAGE II
multilayer cloud statistics include nonoverlapping multilayer
clouds and possible thick clouds. Thus further detailed multilayer
cloud data intercomparison between the SAGE II and rawinsonde
observations is desirable.

5.3. Regional Dependence of Layer Cloud
Frequency Independence

The independent nature of the tropical layer cloud frequency
from the correlation analysis presented in subsection 5.1 is
significant. However, there appears to be some relationship
between high (12.5 km) and low (1-3 km) clouds due to some
regional differences. To determine if there is a regional variation
of the independence of layer cloud frequency, we focus the
analysis on two specific tropical areas, i.e., the Pacific warm pool
(100°E-170°E) and the eastern Pacific (80°W-160°W).
Meteorologically, these two areas are related through the so-called
Walker circulation, with ascending motion over the Pacific warm
pool and descending motion over the eastern Pacific [e.g., Wang,
1994]. Because of the different vertical air motion systems, the
behavior of cloud occurrence is expected to be very different
between those two tropical regions.

Over the Pacific warm pool, we have identified a total of 2969
SAGE II overpasses compared to 3462 over the eastern Pacific.
The vertical distributions of the layer cloud occurrence over the
Pacific warm pool and the eastern Pacific are shown in Figure 7.
As anticipated, the results indicate that there are significantly more
high-altitude clouds over the Pacific warm pool than over the
eastern Pacific. The vertical distributions of the double-layer
cloud occurrence are also quite different as shown in Figure 8.
Double-layer clouds occur more often over the Pacific warm pool
than over the eastern Pacific, particularly in the free troposphere.

The layer cloud correlation analyses for those two specific
tropical regions are presented in Figures 9 and 10. The results
indicate more independence of the layer cloud frequency than seen
in Figure 3. The area dominated by marine stratocumulus has
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Figure 7. Vertical distributions of the layer cloud occurrence over
the Pacific warm pool and the eastern Pacific. The error bars
represent the 95% confidence interval of the layer cloud
frequency.

been somewhat separated from the region dominated by convec-
tion. The strong anticorrelation between clouds at 1 km and the
prime level at 12.5 km in Figure 3 is not evident in Figure 10 but
remains in Figure 9. Similarly, the anticorrelation between clouds
at 12.5 and 2.5 km in Figure 3 is still evident in Figure 9 but not
in Figure 10. Thus, in a large area predominated by subsidence
the occurrence of low-level clouds is independent of high-level
clouds, while in areas with less atmospheric stability the low-level
clouds are more likely to occur if no high-level clouds are present
and vice versa.

6. Summary and Concluding Remarks

To enhance the understanding of the derived SAGE II cloud
statistics, the method used to estimate the vertical distribution of
opaque cloud occurrence from the SAGE II solar occultation
observation has been reviewed thoroughly. Most importantly,
based on SAGE II observations over the entire tropics from 1985
to 1998, the present study has illustrated that the derived informa-
tion of cloud occurrence in a given layer is generally independent
of the cloud occurrence in other layers, except for some
anticorrelation between high-level (12.5 km) and low-level (1-3
km) clouds. This behavior of the layer cloud frequency is also
evident when regional data over the Pacific warm pool and the
eastern Pacific are examined. The anticorrelation occurs over the
Pacific warm pool where deep convection and high-level clouds
are prevalent but is not found in the eastern Pacific where
high-level cloud occurrence is probably more random than in less
stable areas.

The independent information of the layer cloud frequency
makes the vertical distribution of the layer cloud occurrence useful
for inferring the probability of multilayer clouds. The limitation
is that it is difficult to determine how frequently the multilayer
clouds are actually overlapping or how frequently thick cloud
(>1 km) really occurs, based on SAGE II observations alone.
Because the SAGE II statistics count a thick cloud (> 1 km) more
than once depending on the thickness of the cloud, the vertically
integrated cloud frequency of a thick atmospheric layer would
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overestimate the cloud occurrence for the given thick layer. This
possibility, together with the fact that the SAGE II statistics
include non-overlapping clouds as well as overlapping clouds,
makes the SAGE 1II cloud statistics likely to be an upper limit of
the multilayer cloud occurrence.

A discussion of the SAGE 1I tropical cloud occurrence in
relation to the cloud statistics using rawinsonde records, the
ISCCP data products, and the surface weather observations is also
provided in the present study. The results of this cloud data
intercomparison indicate that all data sets reveal (1) the smallest
cloud occurrence for the middle-level cloud, and (2) the largest
cloud occurrence for the low-level cloud, except the ISCCP data
set. Furthermore, both the SAGE II observations and the rawin-
sonde analysis reveal 75% total multilayer cloud occurrence in the
tropics. Nevertheless, further detailed comparison of cloud data
derived from different observational techniques is desirable.

Again, the primary focus of the present study is to review the
method used to derive the SAGE II opaque cloud statistics for
further understanding of the nature of the derived SAGE II cloud
statistics. Previously, the SAGE II observations from 1985 to
1990 were used to determine a 6-year cloud climatology [Wang et
al., 1996]. With the current multiyear SAGE II observations we
have extended that study to develop an advanced solar occultation
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Figure 8. SAGE II statistics of tropical double layer clouds over
the (top) Pacific warm pool and the (bottom) eastern Pacific
separated by various vertical distances. Note that the contour
levels for the Pacific warm pool are different from those for the
eastern Pacific.
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Figure 9. Correlation analysis for selected prime cloud layers for layer cloud occurrence f(z), based on SAGE II
observations over the Pacific warm pool. The error bars represent the 95% confidence interval of the correlation

coefficient.

cloud climatology, including an assessment of possible cloud trend
behavior important to climate change investigations. This latter
work is in progress and will be reported separately.

Finally, the present study has related the SAGE II statistics to
the surface-based observations and the ISCCP data record. This
association, however, is admittedly far from comprehensive. It is
clear that different cloud observational techniques may have
respective unique characteristics, strengths, and weakness.

Currently, several multiyear global cloud data sets exist, including
data from visual cloud observations from surface and ships,
rawinsonde analyses, the International Satellite Cloud Cimatology
Project (ISCCP) data products, and satellite data derived from the
High-Resolution Infrared Radiometer Sounder (HIRS), SAGE II,
etc. It is therefore extremely important and highly desirable for
the cloud observational community to conduct a comprehensive
cloud data intercomparison for understanding the characterisics of
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represent the 95% confidence interval of the correlation
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different cloud observational techniques through cooperative
effort.
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